Bcl-2 and its relative, Bcl-x L
Introduction
The process of apoptotic cell death is orchestrated through the activation of a family of cysteine proteases, the caspases (reviewed, e.g. by 1, 2 ). These enzymes cleave and activate certain key substrates that produce the characteristic morphological and biochemical events of apoptosis, e.g., cell shrinkage, membrane blebbing, phosphatidylserine externalization, chromatin condensation, and DNA fragmentation, thereby ensuring the orderly disposal of the dead cell. Apoptosis is regulated by proteins belonging to the Bcl-2 family (reviewed, e.g. in 3, 4 ), which can be either pro-(e.g., Bax, Bak) or anti-apoptotic (e.g., Bcl-2, Bcl-x). Therefore, one of the keys to understanding apoptosis is to determine how the Bcl-2 family members control caspase activation.
One of the major ways in which apoptosis proceeds is via the mitochondria, which release cytochrome c from the intermembrane space following an apoptotic signaling event. 5, 6 In the cytosol, holocytochrome c binds to Apaf-1, which then oligomerizes, recruiting procaspase-9 into the complex, which is called an`apoptosome'. 7 ± 9 This activates the procaspase, which can now cleave substrates, including other procaspases (specifically, procaspases-3 and -7), activating them in turn. These activated executioner' caspases proceed to cleave key substrates in the cell, including ICAD/DFF45, which upon cleavage releases an active nuclease (CAD/DFF40). CAD/DFF40 is then transported into the nucleus, where it cleaves the DNA into oligonucleosomal fragments. 10 ± 12 Other identified caspase substrates, when cleaved, mediate membrane blebbing and other features of apoptosis.
An important way in which anti-apoptotic Bcl-2 family members prevent apoptosis is to prevent the release of cytochrome c (which initiates the cascade described above). Bcl-2 and Bcl-x L bind to the outer mitochondrial membrane and block cytochrome c release both in vitro and in vivo. 5, 6 This inhibition may involve two nonexclusive mechanisms: (a) inactivation of pro-apoptotic Bcl-2 family members (e.g., Bax, Bak) which themselves induce the release of cytochrome c, or (b) direct interference with the specific (and as yet controversial) mechanism of cytochrome c release, perhaps via the formation of ion channels. Because the release of cytochrome c is blocked, the cell does not activate caspases and apoptosis is prevented; in addition, mitochondrial functions, such as respiration, remain intact and the cell remains viable.
Recently, alternative functions of anti-apoptotic Bcl-2 family members have been proposed, some of which are suggested to act downstream of the mitochondria, at the level of the apoptosome. In the nematode, C. elegans, the anti-apoptotic Bcl-2 family member Ced-9 binds to and inactivates Ced-4, which otherwise functions to bind and activate a procaspase, Ced-3, leading to cell death (reviewed in 13, 14 ) . By analogy, the mammalian Ced-4 homolog Apaf-1 could be similarly neutralized by an antiapoptotic Bcl-2 family member. One recent report has suggested that this is the case; co-expressed Bcl-x L and Apaf-1 associate, 15, 16 and this appears to inhibit apoptosis induced by co-expression of Apaf-1 and procaspase-9. 15 Further support for anti-apoptotic Bcl-2 family members acting downstream of the mitochondria include an apparent ability of Bcl-x L and Bcl-2 to block apoptosis induced by microinjection of cytochrome c 17, 18 and similarly an apparent ability of Bcl-2 to inhibit Bax-induced apoptosis but not Bax-induced cytochrome c release in transiently transfected cells. 19 Another recent report found that high concentrations of Bcl-2 or Bcl-x L , added to a cell-free system, effectively prevented caspase activation induced by the addition of cytochrome c. 20 Together, these observations suggest that anti-apoptotic Bcl-2 family members can directly interfere with the formation or function of the vertebrate apoptosome (cytochrome c/Apaf-1/procaspase-9). This is in contrast with one report showing that Bcl-x L was unable to block death induced by microinjection of cytochrome c 21 as well as with our earlier studies showing that Bcl-2 does not interfere with cytochrome c-induced caspase activation in a cell free system (but does inhibit cytochrome c release from mitochondria. 5 Since Bcl-x L is suggested to bind directly to Apaf-1, it was therefore important to determine whether Bclx L can interfere with the ability of cytochrome c to activate caspases.
Results and Discussion
We employed both mammalian and Xenopus cell-free systems to evaluate the effects of a recombinant Bcl-x L protein on mitochondrial release of cytochrome c and caspase activation. We first determined the concentrations of Bcl-x L that are effective in preventing apoptosis in cells. Jurkat cells stably transfected with Bcl-x L were relatively resistant to apoptosis (not shown), and the amount of Bcl-x L present was compared to known amounts of recombinant protein. In this manner, we estimated that the concentration of Bcl-x L in Jurkat cells overexpressing the protein is &15 ± 30 nM.
We then determined the efficacy of the recombinant Bclx L protein in vitro, using a system we described previously. 22 Cytosolic extracts from Jurkat cells were mixed with isolated mouse liver mitochondria in the presence or absence of 200 nM Bcl-x L , and then treated with caspase-8. In the experiment shown in Figure 1 , the caspase-8-activated cytosol induced the release of cytochrome c from the mitochondria, as previously observed. This is likely to be an effect of the cleavage of Bid by caspase-8, which activates Bid to bind to mitochondria and trigger cytochrome c release. 23, 24 Previous results showed that as little as 40 nM Bcl-x L was sufficient for complete inhibition of cytochrome c release in this assay. 22 The requirement in the cell-free system for a concentration of recombinant Bcl-x L (40 nM) that is somewhat higher than that seen in Bcl-x L -overexpressing Jurkat cells (&15 ± 30 nM) may reflect a reduced activity of the bacterially expressed protein due to misfolding, lack of postsynthetic modifications, or the lack of the C-terminal membrane insertion domain. Figure 1 Bcl-x L inhibits release of cytochrome c from mitochondria in a cellfree system. Jurkat cell cytosol was mixed with mouse liver mitochondria either in the absence (top) or presence (bottom) of recombinant Bcl-x L (200 nM). Extracts were activated by the addition of recombinant caspase-8 (100 nM); then, at the indicated times, mitochondria were removed by centrifugation and the supernatants evaluated for the presence of cytochrome c by immunoblotting. MF: cytochrome c content of control mitochondrial fraction Figure 2 Bcl-x L does not inhibit caspase activation induced by the addition of cytochrome c and dATP to Jurkat cell extracts. (A) dATP (1 mM) and cytochrome c (10 mM) were added to Jurkat cell cytosol containing Bcl-x L at the indicated concentrations; after 1 h, samples were taken for measurement of initial rates of DEVDase activity. Note that Bcl-x L , even at concentrations as high as 10 mM, did not inhibit DEVDase activation. (B) In the same experiment, immunoblot analysis was used to detect the processing of Caspases-9 and -3. Note that Bcl-x L had either no effect (concentrations of 5 mM or below) or only a slight inhibitory effect (at 10 mM) on caspase activation
In contrast, Bcl-x L protein failed to inhibit the ability of cytochrome c plus dATP to trigger the activation of caspases in cytosolic extracts, an effect that is dependent upon Apaf-1 and procaspase-9. 8 In the experiment shown in Figure 2A , Bcl-x L at concentrations up to 10 mM failed to inhibit the generation of DEVDase activity upon addition of cytochrome c and dATP. Examination of the relevant caspases in this experiment ( Figure 2B ) revealed a marginal effect on the processing of procaspase-9 at the highest concentration of Bcl-x L , and this was mirrored in a slight reduction in procaspase 3 processing. However, this effect was only seen at concentrations that were 250 times the dose of Bcl-x L needed to inhibit cytochrome c release from mitochondria, and over 300 times that found in Jurkat cells overexpressing the Bcl-x L gene.
The inability of the recombinant Bcl-x L to block Apaf-1 activity (while potently inhibiting mitochondrial release of cytochrome c) might have been due to a failure of this recombinant protein to bind to Apaf-1 (the native protein reportedly binds to Apaf-1 when both are co-expressed and immunoprecipitated).
15,16 Therefore, we expressed FLAGtagged full length or truncated Apaf-1 (530), containing only the CARD and Ced-4 domains, 25 It is important to note that while our results demonstrate that Apaf-1 and Bcl-x L can bind under these artificial conditions, this cannot be interpreted as saying that these proteins physically interact under physiological conditions. Indeed, our results in Figure 2 support the idea that even when Bcl-x L DOES bind to Apaf-1, the interaction does not influence Apaf-1 function, i.e., cytochrome c-triggered activation of procaspase-9.
One of the first systems in which a role for mitochondria in apoptosis was demonstrated involved the use of Xenopus egg extracts, in which nuclear condensation, DNA fragmentation and caspase activation proceed spontaneously, but only in the presence of the mitochondrial fraction. 5, 26, 27 Using this system, we previously demonstrated that after a few hours of incubation, the mitochondria in these extracts spontaneously release cytochrome c, which in turn triggers caspase activation. Bcl-2 functions to block the release of cytochrome c but does not interfere with the effects of exogenously added cytochrome c. 5 We therefore extended these observations using recombinant Bcl-x L . In the experiment shown in Figure  4A , Xenopus egg cytosol was mixed with Xenopus egg mitochondria and incubated in either the presence or absence of recombinant Bcl-x L . At various times, the mitochondrial content of cytochrome c was measured by immunoblotting, and caspase activity was measured as the rate of cleavage of z-DEVD-pNA. As shown in Figure 4A (left panel), when incubations were carried out at 228C in the absence of Bcl-x L , mitochondria were completely depleted of cytochrome c between 2 and 4 h of incubation. Reducing the temperature to 08C blocked cytochrome c release, as previously observed. 5, 27 Figure 4A (right panel) shows that DEVDase activity became apparent at approximately 3.5 h of incubation. (In this system caspase activation was previously shown to depend on cytochrome c release from mitochondria). 5, 27 However, the addition of as little as 50 nM Bcl-x L caused a substantial inhibition of cytochrome c release from mitochondria (left panel) and of caspase (DEVDase) activation (right panel).
In contrast, when cytochrome c was added to the extracts, DEVDase activity was induced within 30 min, but there was no effect at any concentration of Bcl-x L (up to 1 mM) on this cytochrome c-induced effect ( Figure 4B ). This was true both in the presence and absence of mitochondria. Thus, while Bcl-x L blocked the activation of caspases in this system at the level of the mitochondria, addition of cytochrome c completely bypassed the inhibition by Bcl-x L . These results are in agreement with our former observations with Bcl-2 5 and with the effects of Bcl-x L in mammalian extracts, above.
The ability of Bcl-x L to block caspase activation during apoptosis is therefore best explained by its ability to interfere with mitochondrial release of cytochrome c, and not by inhibition at some downstream site, such as the function of Apaf-1. This is in contrast to the apparent ability of C. elegans Ced-9 to interfere directly with the caspase-activating function of Ced-4.
28 ± 30 The observation that Bcl-x L and Apaf-1 can be co-immunoprecipitated in vitro may only be relevant to situations where large amounts of these proteins are present, as when the proteins are overexpressed in cells. Supporting this, Moriishi et al. recently reported that Bcl-2 family members do not directly interact with Apaf-1. 31 However, it remains possible that Bcl-x L and other antiapoptotic Bcl-2 family members bind to and inactivate other unidentified Ced-4 homolog in vertebrate cells; indeed, the Figure 3 Bcl-x L binds in vitro to Apaf-1. 293T cells were transiently transfected with cDNAs coding for Flag-tagged wild-type Apaf-1 (WT) or a truncated form of Apaf-1 (530) corresponding to amino acid residues 1 ± 530. Lysates were incubated with anti-Flag antibody immobilized on Protein GSepharose beads. The beads were then incubated in a solution containing recombinant Bcl-x L , washed, and loaded on an SDS-polyacrylamide gel. Shown are immunoblots of the bound material probed with anti-Apaf-1 (top) and anti-Bcl-x L (bottom) antibodies ability of cells lacking Apaf-1 to undergo apoptosis (albeit with lower sensitivity) suggests that such homologs exist. However, the severe developmental defects seen in Apaf-1 null mice, as well as the dramatically reduced susceptibility to apoptosis in cells from these animals, 32, 33 indicates that Apaf-1 and its regulators are major players in the apoptotic process.
How do anti-apoptotic Bcl-2 family members block cytochrome c release? There are at least two nonexclusive possibilities. First, the members of this family have a propensity to bind to each other via Bcl-2 homology (BH) domains, especially BH3, and thus can influence the activity of other family members (pro-or anti-apoptotic). Secondly, Bcl-x L and other members of this family are structurally related to bacterial pore-forming proteins, and are known to insert into intracellular membranes, including the mitochondrial outer membrane; thus, they may control apoptosis at least partly by acting as ion channels. 34 ± 38 If so, then there are two alternate scenarios, depending on whether these channels directly induce or inhibit the mechanism responsible for cytochrome c release. In the former case, the anti-apoptotic Bcl-2 family members would bind and neutralize the activity of the pro-apoptotic family members, which actively induce cytochrome c release (thus, in this model the pro-apoptotic family members are active, and the anti-apoptotic members repress their activity). 39 Alternatively, the anti-apoptotic Bcl-2 family members could directly act to interfere with the primary Bcl-x L does not inhibit the apoptosome DD Newmeyer et al mechanism of cytochrome c release, and this activity would be repressed by the pro-apoptotic Bcl-2 members. 40 Currently, the nature of the mechanism responsible for the release of cytochrome c remains unclear, and therefore either model is equally attractive.
Materials and Methods
Recombinant Bcl-x L was prepared as described. 22 Anti-Flag antibody was obtained from Sigma; monoclonal anti-cytochrome c (7H8.2C12, 65981A), polyclonal anti-caspase-3 (65906E), and polyclonal anti-Bclx L (65181E) were from Pharmingen, San Diego, CA, USA. Polyclonal antibodies to caspase-9 and Apaf-1 were raised in rabbits against recombinant caspase-9 and a synthetic Apaf-1 peptide (S 38 EEEKVRNEPTQQQR 52 ), respectively.
41
Co-immunoprecipitation of Apaf-1 and Bcl-x L Using the calcium phosphate method, 293T cells were transiently transfected with N-terminally Flag-tagged cDNAs corresponding to Apaf-1 (wild-type) or Apaf-1 (530), a truncated form consisting of amino acids 1-530. After 24 h, cells were harvested and washed twice with ice-cold PBS. Cell pellets were lysed by incubating 30 min on ice in buffer A: 50 mM HEPES, pH 7.4, 1% NP-40, 150 mM NaCl, 10% glycerol, 1 mM EDTA, 2 mM dithiothreitol, and protease inhibitors. The lysates were microcentrifuged at 15 0006g for 10 min. Protein GSepharose was pre-incubated for 3 h at 48C with 5 ml M2 a-Flag antibody and washed three times with buffer A. The beads were then incubated with extract samples for 3 h at room temperature and washed three times in buffer A. The beads were then resuspended in 200 ml of buffer A containing 5 mg of recombinant Bcl-x L . After a 3 h incubation at room temperature, the beads were washed three times in buffer A and resuspended in SDS ± PAGE sample buffer. Immunoblots were performed as described. 42 Anti-caspase-9 polyclonal rabbit serum was diluted 1 : 1500; anti-caspase-3 antibodies 1 : 2000.
Mammalian cell-free assays
Jurkat cell extracts (final protein concentration 12 mg/ml) were prepared as previously described. 43 Cell-free apoptosis assays using isolated mitochondria were performed as recently described. 22 Briefly, 50 ml of Jurkat cytosol (50 mg protein) containing mitochondria (3 mg), with or without recombinant Bcl-x L (200 nM), was incubated at 378C with 100 nM recombinant active caspase-8. At various times, aliquots were taken and mitochondria re-isolated by microcentrifugation for 10 min at 15 000 r.p.m. In other experiments, 10 mM cytochrome c and 1 mM dATP were added to cytosol.
DEVDase assays in Jurkat cell extracts were performed as described, 41 using DEVD-AFC (Enzyme Systems Products) to detect caspase-3-like activity. Briefly, cytosol samples (40 mg) were incubated with DEVD-AFC in caspase buffer [20 mM PIPES, 100 mM NaCl, 10 mM dithiothreitol, 1 mM EDTA, 0.1% 3-[(3-cholamidopropyl)-dimethylammonio]-1-propanesulfonic acid (CHAPS), 10% sucrose, pH 7.2] at 378C. Initial rates of substrate hydrolysis were determined using a Tecan SpectroFluor fluorimeter in the kinetic mode. Excitation was at 400 nm and emission was at 500 nm (slit widths 10 nm). A standard curve of AFC concentration versus fluorescence was used to determine the concentration of AFC generated from substrate hydrolysis.
Xenopus egg extracts
Xenopus eggs were fractionated as described previously. 5, 26, 27, 44 Extracts were reconstituted using cytosol (with ATP regenerating system: 14 mM phosphocreatine, 7 mM ATP, 150 mg/ml creatine phosphokinase) and heavy membranes (HM) which are enriched in mitochondria. DEVD-specific protease activity was measured by incubating 2-ml extract samples with z-DEVD-pNA (40 mM, Enzyme Systems Products, CA) in 200 ml of ELB buffer (250 mM sucrose, 20 mM HEPES/KOH, pH 7.5, 50 mM KCl, 2.5 mM MgCl 2 , 1 mM DTT). The initial increase in A 405 over 30 min was used as a measure of the DEVDase activity. Cytochrome c redistribution from mitochondria to cytosol was analyzed by immunoblot 5 of the mitochondrial pellet derived from 10 ml of extract.
